retract upon constraints from within or from outside the nucleus. Indeed, alterations in the nucleoskeleton or the cytoskeleton have been associated with modifications of nuclear shape and size. Lamin mutants, such as those observed in the premature aging syndrome Hutchinson-Gilford progeria syndrome (HGPS) display ghost-like instead of spherical nuclear shapes (Shumaker et al., 2006) . In the cytoskeleton, actin, microtubules and actomyosin have all been shown to participate in nuclear shape (Gerlitz and Bustin, 2011) . Most plant cells do not display spherical nuclei and the functional significance of nuclear reshaping toward elongated or lobed nuclei remains a question of debate. Two main hypotheses have been proposed (Webster et al., 2009) : first, nuclear reshaping may modify the nuclear rigidity needed for nuclear movement. Second, nuclear reshaping may induce chromatin reorganisation, which in turn modifies gene expression. In light of this second hypothesis, it could be envisaged that nuclear structures that determine nuclear shape would also impact on chromatin organisation and function. In addition to nuclear shape, nuclear size has been shown to be modulated independently of genome size through cellular factors in a range of organisms (Levy and Heald, 2010; Neumann and Nurse, 2007) . These studies also highlighted the independency between ploidy level and karyoplasmic ratio, defined by the ratio between nuclear size and cell volume. Similar results have been reported in plants (Bourdon et al., 2012; Jovtchev et al., 2006; Sugimoto-Shirasu and Roberts, 2003) .
Plants are amenable models to study nuclear organisation as natural variations in nuclear morphology occur in various tissues such as epidermis, trichomes, root hairs (Qian et al., 2009; Traas et al., 1998) or during seed formation (van Zanten et al., 2011) as well as in mutants in which the nuclear envelope or lamin-like components are altered (Dittmer et al., 2007; Goto et al., 2014b; Janski et al., 2012; Tamura and Hara-Nishimura, 2011; Zhou et al., 2012) . Plants encode a LINC complex consisting of SUN (SAD1-UNC-84 HOMOLOGY) (Graumann and Evans 2010; Graumann et al. 2014) and KASH (Klarsicht ⁄ Anc-1 ⁄ Syne homology) proteins including WIPs (WPP domain-interacting proteins), SINEs (SUN-interacting nuclear envelope) and TIK (Zhou et al. 2012; Graumann et al. 2014; Zhou, Graumann, and Meier 2015) .
Furthermore, possible candidates for lamin-like proteins have been identified and are known as CROWDED NUCLEI (CRWN) (Dittmer et al., 2007; Wang et al., 2013) and KAKU4 (Goto et al., 2014b) . Strikingly, sun, wip, kaku4 and crwn mutants all display nuclear shape and/or nuclear size modifications suggesting that mechanical constraints such as those applied by the cytoskeleton at the NE may be released in mutant backgrounds (Dittmer et al., 2007; Goto et al., 2014a; Oda and Fukuda, 2011; van Zanten et al., 2011; Zhou et al., 2012) . Finally, the SUN-WIP-WIT2-myosin XI-i complex and CRWN1 were proposed to independently determine elongated nuclear shape, highlighting the function of cytoskeleton and nucleoskeleton in nuclear morphology (Zhou, Groves, and Meier 2015) . However, to date it is not known whether plants deficient in nuclear envelope or lamina components would 9 6 also show altered chromatin organisation or whether in turn, mutants that affect the organisation of chromatin would impact on nuclear size and shape.
To address these questions, three cell types displaying contrasted nuclear organisation, namely guard cells, pavement cells and root hair cells have been chosen to investigate both nuclear shape and chromatin organisation. For the latter, we took advantage of the fact that repressed chromatin domains called heterochromatin can easily be tracked in Arabidopsis interphase nuclei in which they form compact and dense chromatin domains called chromocentres (Fransz et al., 2002) .
Nuclei were classed according to their tissues of origin using 3D quantitative parameters such as sphericity and elongation and we show that in wild type most of the chromocentres are located close to the nuclear periphery. Loss-of function mutants for lamina, LINC complex components or chromatin remodelers and modifiers were then evaluated for their impact on nuclear morphology as well as heterochromatin organisation and function in these three specific cell types using quantitative parameters and 3D-Fluorescence in situ hybridisation (3D-FISH) as well as transcriptional silencing by RT-qPCR. Plants deficient for components of the LINC complex, such as KASH (wifi) and SUN (sun1 sun4 sun5 triple mutant) show altered nuclear shape, increased distance of chromocentres from the nuclear periphery, altered heterochromatin organisation and reactivation of transcriptionally silent repetitive sequences. Taken together, this study reveals a critical role for the LINC complex in heterochromatin positioning and function.
Results

Different cell types show quantitative variations in nuclear organisation
Plants are well known for their variation in genome size but also display a wide range of nuclear morphologies. For example in the model species Arabidopsis thaliana hypocotyls and trichomes (Traas et al., 1998) , root hairs (Sugimoto-Shirasu et al., 2005) and pollen tubes (Dittmer et al., 2007; Grob et al., 2014; Wang et al., 2013) have been used to illustrate variations in cell and nuclear morphogenesis. Here, we chose three different cell types displaying distinct nuclear features to characterise their nuclear shapes and chromatin organisation (Fig. 1A) . Cotyledon epidermal cells consisting mainly of guard cells (GC), with round nuclei and pavement cells (PC), which are lobed and display elongated nuclei. While guard cells have mostly 2C content, the DNA content varies between 2C and 16C in pavement cells due to one or several rounds of endoreplication and their cell size expands roughly in proportion to the amount of DNA (Melaragno et al., 1993) . Epidermis cells follow the karyoplasmic ratio theory, as cell size correlates with nuclear DNA content, which increases through endoreplication (Fig. S1 ). A third cell type investigated was the easily accessible root hair cell (RC), which displays elongated and endoreplicated nuclei (Ketelaar et al., 2002) .
To assess nuclear size, shape and chromocentre organisation, nuclear DNA in whole mount 1 3 1 1 3 2 1 6 4 1 6 5 tissue was stained using the Hoechst intercalating agent (see Materials and Methods) and 3D-images of an average number of 100 nuclei for cotyledon and 40 nuclei for root hair cells were acquired from 8-10 seedlings per genotype (Table S1 ). 3D images of nuclei were then processed to segment the nucleus as well as the chromocentres in 3D (Fig. 1B) . In order to confirm that segmented objects within the nucleus are indeed chromocentres, we simultaneously performed Hoechst DNA-staining and 3D-Fluorecence in situ Hybridisation (3D-FISH) on whole mount tissue. 180bp satellite repeats and 45S rDNA repeats, which are the main repetitive sequences enriched in chromosome regions forming chromocentres, were used as probes. Most of the intranuclear objects segmented using NucleusJ overlap with 180bp and 45S signals indicating that these are indeed chromocentres (Fig. 1C) , however in certain nuclei the segmentation of chromocentres based solely on DNA stain may underestimate their exact number.
Using a dataset of 1,770 WT nuclei obtained from five biological replicates (Table S1 ) we computed quantitative parameters by NucleusJ to characterise nuclear morphology and heterochromatin organisation (Table S2 ). The computed parameters explain up to 60% of the phenotypic variation across the two main axes of a Principal Component Analysis (PCA) ( Fig ), which are rounder as indicated by reduced elongation and smoother according to a higher sphericity which take into account the volume and area of the segmented nucleus ( Fig. 2C and Table S2 ). On the contrary, in PC and RC, the mean nuclear volumes are larger (respectively 115.2±3.4 and 123.3±3.9 µm 3 ) and nuclei are more elongated. The PCA analysis revealed that elongation and sphericity display a strong negative correlation (r 2 = 0.75, P<0.0001, Fig. 2D ) and are among the best parameters to discriminate the three nuclear types. In contrast, flatness, another morphological parameter only poorly discriminates the three populations of nuclei (Table S2 ).
Whole mount tissue preparations stained with Hoechst also gave the opportunity to correlate the nuclear shape parameters with chromocentre organisation. GC nuclei contain fewer chromocentres and a reduced total chromocentre volume per nucleus than larger nuclei such as PC and RC (Fig.   2C ). We then determined a modified Relative Heterochromatin Fraction (RHF, Tessadori et al. 2007 ) called the Relative Heterochromatin Volume (RHV) as voxel volumes of chromocentres relative to the voxel volume of the nucleus. As we observed lower chromocentre number and volume in GC cells (Fig. 2C ) and a positive correlation between the amount of heterochromatin and nuclear volume in PC (Fig. S2 ), we expected a constant RHV between the three cell types.
However, the RHV was about two fold higher in GC compared to PC and RC due to the small 1 6 6 P<0.0001) indicating that either parameter can be used to discriminate the three cell types (Fig. 2D ).
Taken together, the phenotypic variability among the three nuclear types is best explained by two nuclear shape parameters namely elongation and sphericity and the number of chromocentres.
Chromocentres are preferentially positioned at the nuclear periphery Radial position, a widely used 2D parameter to characterise object position, was used to describe centromere position in living cells of various Arabidopsis tissues expressing HTR12 and H2B fused to fluorescent proteins (Fang and Spector, 2005) . These experiments confirmed the position of chromocentres next to the nuclear periphery and the nucleolus. Furthermore, modelling also predicted that chromocentres would tend to be located at the nuclear periphery (de Nooijer et al., 2009 ).
Here, we took advantage of Hoechst-stained nuclei to investigate whether chromocentres preferentially localise to the nuclear periphery in the three different cell types with different nuclear shapes. To this aim, we quantified the position of each chromocentre of a given nucleus relative to the boundary of the DNA staining assuming that the intercalating agent stains the whole nuclear DNA. Three parameters were computed: (i) d(Cc border), which is the distance between the two closest voxels from the chromocentre rim and the limit of the DNA staining, (ii) d(Cc barycentre), the distance from the barycentre of each chromocentre and (iii) d(Nuc barycentre), the barycentre of the nucleus corresponding to the mass centre of the nucleus (Fig. 3A) . The latter was used as a parameter to generate a theoretical uniform distribution of chromocentres for each nucleus of GC, PC and RC cells (Fig. 3B, top) . When comparing to the uniform distribution of chromocentre positions, we observed that the chromocentre distances from the nuclear periphery differ from this theoretical distribution. Chromocentres are situated close to the nuclear periphery ( Fig. 3B and Table S2) Table S2 ). The minimal distance between the chromocentres and the limit of the DNA stain (see empty rim observed in the experimental datasets, Fig.3B middle and bottom) is about 0.100 µm, which is also the resolution limit of our optical system. We therefore cannot rule out that this distance is not a biological reality, but the limit of our experimental system. Finally, the two distance parameters d(Cc border) and d(Cc barycentre) are strongly correlated in the three cell types with an overall r 2 of 0.85 (P<0.0001)
suggesting that the three cell types share chromocentres with similar features. preferentially localise at a small distance from the nuclear periphery and that the distance between chromocentres and the nuclear periphery is larger in PC and RC nuclei, which show larger volumes and are less spherical.
Alterations of nuclear shape parameters in LINC complex and lamina-like mutants
As chromocentres are situated close to the nuclear periphery, we hypothesised that alterations of In order to evaluate the impact of mutants affecting either the LINC complex or the nuclear lamina on chromatin organisation these mutants were compared to ddm1 and atxr chromatin mutants (Table   1 ). Loss of the chromatin remodelling factor DDM1 leads to reduced DNA methylation, altered repressive histone marks at heterochromatic regions and decondensed chromocentres (Probst et al., 2003; Soppe et al., 2000; Vongs et al., 1993) . ATXR5 and ATXR6 are histone H3K27 monomethyltransferases and the atxr5 atxr6 double mutant displays decondensed chromocentres (Jacob et al., 2009) . CRWNs are postulated to be components of the plant lamina-like structure and the crwn1 crwn2 double mutant has previously been described to induce small nuclei (Dittmer et al., 2007 ) and a more condensed chromatin organisation (Grob et al., 2014; van Zanten et al., 2011; Wang et al., 2013) . The quintuple wifi mutant (Zhou and Meier 2014) , lacking three KASH proteins WIP1-3 and two WPP domain-Interacting Tail-anchored proteins WIT1-2 was selected to affect the KASH components of the LINC complex as well as some of its interactors located at the outer nuclear membrane. Finally, we combined available sun knockout mutant alleles in the Col-0 background (sun1-1 (Graumann et al., 2010), sun4-1 and sun5-1 (Graumann et al., 2014b) to obtain double and triple mutants (Fig. S3A) . The different mutant combinations of one Cter (SUN1) and two mid-SUN (SUN4 and SUN5) proteins yield viable plants, with sun1 sun4 sun5 triple mutants showing increased leaf area compared to the WT (Fig. S3C ) as well as reduced and disorganised root hair growth (Fig. S3D) . Furthermore, the triple mutant most strongly affects nuclear sphericity and elongation compared to sun1 sun4 or sun4 sun5 double mutants ( Fig.   S3B ) and has therefore been selected for further analysis.
We first analysed whether the 13 genes altered in our mutants (Table 1) in roots and cotyledon. For that purpose, a survey of available RNA-Seq data was performed and 8
Col-0 datasets including whole seedling roots, whole cotyledon epidermis and guard cells obtained from FACS-sorted protoplasts were selected. All genes are expressed in the different tissues although at different levels (Fig. S4) . The data do not show a strong bias between cell types except for SUN4 and CRWN1, which are strongly expressed respectively in epidermis and guard cells. As expected from previous work (Baubec et al., 2014) , DDM1, ATRX5 and ATRX6
show weak expression in cotyledon tissue.
The different mutants were then evaluated for their impact on nuclear morphology. The 3 mutants deficient in nuclear periphery components (wifi, sun1 sun4 sun5 and crwn1 crwn2) display similar profiles ( Fig. 4 and Table S3 ). All three mutants show reduced nuclear volume, increased sphericity and decreased elongation compared to WT (P<0.001) the strongest effects being observed for crwn1 crwn2. Despite the different nuclear organisation parameters observed for the three cell types in WT plants ( Fig. 2) , nuclear size and form parameters are altered for all cell types in the mutants. The most prominent effects were observed in the RC cells, which are the most elongated cells in the WT, but can be seen, at the least for the sphericity parameter, also in guard cells. The two mutants with defects in chromatin organisation display a higher variability of nuclear shape parameters visible by the larger whisker plots especially for elongation in RC but the mean volume, sphericity or elongation were not significantly different from WT (Table S3) .
Taken together, affecting either of the two LINC components (SUN or KASH proteins) or a component of the nuclear lamina, causes altered nuclear shapes in three different cell types with the strongest effects for the cell type with the most elongated nuclei. In contrast, mutants known to affect chromatin organisation, do not significantly impact nuclear organisation.
Alterations of chromocentre compaction and alleviation of silencing in mutants
Differences in heterochromatic parameters were less pronounced between WT and mutants ( Fig. 5 and Table S3 ) except for crwn1 crwn2, which displays a significant reduction in the number of chromocentres in GC and RC as well as an increased RHV in all cell types (Fig. 5A,   P<0 .0001) as previously described (Dittmer et al., 2007; Grob et al., 2014; Wang et al., 2013) . In ddm1 and atxr5 atxr6 mutants the RHV is reduced in GC and RC, but the difference is significant only in GC (Fig. 5B ). When we scored the distance between the border of chromocentres and the nuclear periphery, we find that this distance is increased in all three types of nuclei in the sun1 sun4 sun5 triple mutants (statistically significant in GC and PC, P<0.0001) (Fig. 5C and Table   S3 ). Despite KASH and SUN domain proteins being part of the LINC complex (Graumann et al., 2014; Zhou and Meier, 2014) , we did not detect any significant change in wifi mutants. alternatively due to a specific function of SUN domain proteins in chromatin organisation. To correlate the differences observed in NucleusJ for heterochromatic parameters with the organisation of the centromeric satellite repeats, we performed 3D-FISH in whole mount preparations of cotyledons using short LNA-DNA oligonucleotide probes generated to specifically recognise the 180bp centromeric repeats (Fig. 6A and Table S4 ). We imaged epidermis nuclei and classed each 3D nucleus into either the condensed type (Fig. 6A, top) or the decondensed type (Fig. 6A, bottom) .
We noticed that at this developmental stage a significant fraction of the WT nuclei in the cotyledon epidermis are of the decondensed type (65±4%, Fig. 6B ) with an equal distribution between GC and PC and that this fraction was higher in ddm1 and atrx5 atrx6 mutants. In the crwn1 crwn2 double mutants that show a reduced number of chromocentres and increased chromocentre volume, these chromocentres have tendency to be more condensed than in the WT. Interestingly, while we did not detect any changes in chromocentre position in wifi mutants (Fig.5C ), in both wifi and sun1 sun4 sun5 mutant combinations, in which the LINC complex is affected, chromocentres were further decondensed compared to the WT (Fig. 6A,B ). This may suggest that loss of the LINC complex affects chromocentre position and chromatin compaction through different mechanisms.
As chromatin decompaction had been correlated in certain mutants with release of transcriptional gene silencing (TGS) at centromeric and pericentromeric repeats (Jacob et al., 2009; Probst et al., 2003; Yelagandula et al., 2014) , TGS release was investigated in the different mutants. Using RT-qPCR, we quantified transcript levels of the centromeric repeats 180pb (Nagaki et al., 2003) and 106B (Thompson et al., 1996) and the pericentromeric repeats called Transcriptional Silent Information (TSI) (Steimer et al., 2000) (Fig. 6C ) as well as three housekeeping genes (Fig. S3) . While for neither of the different mutant types, expression of the euchromatic genes was significantly altered (Fig. S3) , we find as previously described (Jacob et al., 2009; Steimer et al., 2000) that TGS at TSI is alleviated in ddm1 and atxr5 atxr6 mutants. In agreement with the maintained chromocentre organisation in crwn1 crwn2 mutants, centromeric and pericentromeric repeats were effectively repressed in this mutant background. In contrast, TGS in wifi and sun1 sun4 sun5 was alleviated at both centromeric and pericentromeric repeats ( While lamina structures are significantly divergent between metazoans and plants, the LINC complex or at least the SUN domain proteins are conserved throughout evolution (Graumann et al., 2014) , suggesting that the LINC complex might play a more ancestral role in chromatin organisation. Our phenotypic analysis of the triple sun and wifi mutants revealed decompaction of chromocentres, which are located at a more internal position as well as a transcriptional derepression of heterochromatic repeats, while several euchromatic genes are expressed to similar levels as in wild type (Fig. S3 ). This suggests that the LINC complex affects chromatin organisation and contributes to transcriptional repression of heterochromatic sequences. Evidence gained in S. 3 7 7 cerevisiae indicated that Mps3 a Cter-SUN homologue is involved in the recruitment of 3 7 8 heterochromatic sequences such as telomeric repeats at the nuclear envelope, an essential process 3 7 9 needed for spindle formation in the course of chromosome segregation. This requires an indirect 3 8 0 interaction between the N-terminal domain of Mps3 and Sir4 (Silent Information Regulator 4) or 3 8 1 Ndj1 (Non disjunction protein 1) (Bupp et al., 2007; Conrad et al., 2007) . These reports highlighting 3 8 2 the interaction between Mps3 and telomeric repeats have been recently extended to centromeres, 3 8 3 which also contribute to spindle formation (Fennell et al., 2015) . So far, a direct interaction between 3 8 4 chromatin and SUN proteins has only been shown for Dictyostelium SUN-1 using chromatin 3 8 5 immunoprecipitation and Southwestern blot experiments demonstrating the capacity of the N-3 8 6 terminal domain of SUN-1 to bind chromatin (Xiong et al., 2008) . However, the N-terminal region 3 8 7 of Dictyostelium SUN-1 is only poorly conserved in other species including Arabidopsis 3 8 8 (Graumann et al., 2010; Graumann et al., 2014b) .
The importance of the 3D arrangement of chromatin within the nucleus and its impact on gene 3 9 0 expression patterns is becoming an important field of investigation in animals (Tashiro and Lanctôt, 3 9 1 2015) and plants (Liu and Weigel, 2015) . Plants perceive various stresses at the cell wall and 3 9 2 plasma membrane, which induce reorganisation of the cytoskeleton and transmit chemical or 3 9 3 mechanical signals to the nuclear envelope where they trigger chromatin changes affecting gene 3 9 4 expression (Landrein and Hamant, 2013) . Therefore, elucidating the mechanistic links between 3 9 5 nuclear envelope proteins such as the LINC complex, chromatin organisation and gene expression 3 9 6 will be an important step further for a better understanding of genome expression in response to 3 9 7 environmental stress. 3 9 8 Taken together, the functional analysis of the evolutionarily conserved LINC complex strengthened 3 9 9 evidence for its role in nuclear morphology and revealed its contribution to chromocentre 4 0 0 positioning, heterochromatin compaction and maintenance of TGS. Further studies should be 4 0 1 dedicated to understand whether heterochromatin alteration is a consequence of nuclear 4 0 2 morphology alteration or intrinsic function of the LINC complex. 
Sample preparation, Hoechst staining and 3D-FISH
3D images were collected from cells in their original tissue environment using whole mount preparations (Bauwens et al. 1994 ) of 14 dag cotyledons and root hairs. Briefly, whole seedlings were collected and fixed using 1% formaldehyde, 10% DMSO in PBS 1X, EGTA 6.7mM pH7.5
under vacuum for 5 min and incubated for 25 min at room temperature. Tissues were then washed with methanol and ethanol washes to obtain transparent tissue preparations. Nuclei in whole mount preparations were either stained by Hoechst or repetitive sequences revealed by 3D-Fluorescence in situ Hybridization (3D-FISH) after progressive rehydration with PBS-Tween 0.1%.
For Hoechst-staining, fixed tissues were stained overnight at 4°C in a solution of Hoechst 33258
(SIGMA) at 25µg/ml in PBS. To perform live cell imaging, DNA was stained using PicoGreen® (Molecular probes) diluted to 1/400 in 0.01% Triton-X100 for 1 hour at room temperature.
Samples were then washed three times with PBS 1X, excess water removed with paper tissue and placed on a slide in PBS/glycerol (20:80) solution and covered with a cover slip for microscopic observations. For 3D-FISH, hydrated tissues were washed twice in 2xSSC then incubated for 30 min in 2xSSC:HB50 (1:1) (50% formamide, 2xSSC, 50 mM sodium phosphate pH7) and finally 30 min in HB50. Tissues were directly immersed in HB50 containing 1µM final of Locked Nucleic Acid (LNA) probes specific for the 180bp centromeric repeats (Exiqon; GTATGATTGAGTATAAGAACTTAAACC). Tissues were hybridised overnight at 37°C, rinsed twice for 30 min at 42°C in SF50 (50% formamide, 2xSSC) and incubated overnight with 0.25µg/ml Hoechst 33258 in PBS at 4°C. Samples were rinsed twice in 2xSSC and twice in PBS and mounted in PBS:glycerol (20:80) as described above.
To reveal simultaneously the 45S rDNA loci and the centromeric 180bp repeats, the probes were labelled with Cy3-dUTP or Cy5-dUTP (GE healthcare) by nick-translation (Roche) using a plasmid containing the 45S rDNA sequence from Triticum aestivum (Gerlach and Bedbrook, 1979) or the 180bp probe from Arabidopsis thaliana (Martinez-Zapater et al., 1986) and 3D FISH experiments were performed as previously (Bauwens et al., 1994) . Microscopic observations were performed by structured illumination microscopy to produce confocal-like images using an Optigrid module (Leica-microsystems MAAF DM 16000B). All images were acquired using a 63x oil objective allowing a theoretical resolution of xy = 0.24 and z = 0.46 µm further reduced by the factor 2.3 according to the Nyquist-Shannon sampling theorem (Pawley, 2006) such that the final lateral and axial resolution used in this study were respectively xy = 0.1 and z = 0.2 µm. Furthermore, all initial anisotropic voxels are converted to isotropic voxel (i.e. cubic, xyz = 0.1 µm) prior to calculation (Poulet et al., 2015) . The ImageJ plugin NucleusJ was used to characterise nuclear morphology and chromatin organisation (Poulet et al., 2015) . A detailed description of the quantitative parameters generated by NucleusJ can be found in supplemental materials of Poulet et al. (2015) . d(Nuc barycentre) is the barycentre of the nucleus measured by computing the distance map of the nucleus, which is the distance between each voxel of a given nucleus and the limit of the image background. Computation of the distance map is realised with the ImageJ plugin developed by Bob Dougherty (http://www.optinav.com/download/LocalThickness_.jar) and is based on the Euclidean distance transformation (Saito and Toriwaki, 1994) . d (Nuc barycentre) has been preferred to the Equivalent Spherical Radius (ESR) generated by NucleusJ as most of the nuclei investigated in this study are not spherical but instead have elongated morphology.
Microscope and 3D imaging methods
Theoretical data for the chromocentre distance for each nucleus were generated using the R package runif function to produce a theoretical uniform distribution on the interval from min (min = 0 at the nuclear periphery) to max (max = barycentre of the nucleus). The number n of chromocentres visualized as points per nucleus equals the number of chromocentres detected for each nucleus.
RNA extraction and RT-qPCR
Total RNAs were extracted from 30 cotyledons using Tri-Reagent (Euromedex), treated with RQ1 DNase I (Promega) and purified using phenol-chloroform extraction. Reverse transcription was primed either with oligo(dT)15 or with random hexamers using M-MLV reverse transcriptase (Promega) ( Table S4 ). The resulting cDNAs were diluted three times and further used in quantitative PCR with the LightCycler ® 480 SYBR Green I Master kit on the Roche LightCycler ® 480. Transcript levels of interest were normalised to SAND (At2g28390) (Czechowski et al., 2005) using the comparative threshold cycle method.
Statistics
Statistical analyses were performed using R ( analysis (PCA) was carried out with the FactoMineR package, an extension of R (Lê et al., 2008 Table S2 . D) Scatter plot matrix and absolute correlation between pairs of variables. The two major correlations between elongation and sphericity (r 2 = 0.75) and NbCc and VCcTotal (r 2 =0.63) are highlighted in yellow and orange respectively. *: P≤0.01, **:P≤0.001, ***: P≤0.0001. Tukey boxplots of nuclear morphology parameters highlighting the phenotypic variations in three types of nuclei (GC in gray, PC in green and RC in red) for five mutant backgrounds. All parameters recorded for mutant backgrounds were standardised using WT mean set as 1 (red dashed line). *: P≤0.001. Number of analysed nuclei and a more detailed statistical analysis are available respectively in Table S1 and S3. Tukey boxplots of chromatin organisation parameters highlighting the phenotypic variations in three types of nuclei (GC in gray, PC in green and RC in red) for five mutant backgrounds. All parameters recorded for mutant backgrounds were standardised using WT mean set as 1 (red dashed line). *: P≤0.001. Number of analysed nuclei and a more detailed statistical analysis are available respectively in Table S1 and S3. Table S5 . C) Transcription level of TSI, 180bp and 106B scored by RT-qPCR. Histograms show means of transcript levels ± SEM obtained for two independent PCR amplifications of three biological replicates. The y-axis shows the fold change relative to WT (set to 1) after normalisation to expression of At2g28390 (SAND). *: P≤0.05. 5 8 5
